Abstract -Laser cladding is a well-known technique for wear protection coating tasks. Modern equipment for laser cladding enables material to be deposited with a lateral resolution of about 100 µm and to produce high precision surface coating on small size parts. In this paper laser micro cladding process was investigated to produce wear protective coatings on Al-based alloy surface. Al-matrix composite (AlSi30) surface layers with thickness in the range 15-600 µm were formed on AlMgSi0,5 alloy surface by laser micro cladding. The influence of laser cladding parameters (powder mass flow, vertical increment etc.) and layers number on quality of the deposited coatings was investigated. The homogeneous and free of pores and cracks coating microstructure was produced. The influence of the laser cladding parameters and layers number on functional characteristics of the deposited coatings (e.g. hardness, abrasive wear resistance and electrical conductivity) was investigated. It was found that hardness and wear resistance of the coatings increased with the decrease of powder mass flow. The technological possibility of AlSi30 wear protective layers production on surface of AlMgSi0,5 alloy with roughness up to Ra 1,2 µm and microhardness up to 300 HV0,05 using laser micro cladding technology was demonstrated.
Introduction
The laser cladding is a widely used technique for wear protection of metallic parts surface including Al-alloys [1] . Precision degree of this treatment (minimal coating array size, geometrical accuracy, surface coating roughness, thermal action on the parts) depends on the material deposition zone size (single clad track size). In the case of Al-based alloys the zone size is normally more than 1 mm. Modern laser cladding equipment allows to lessen this size down to 100 μm [2, 3] . Thereupon laser micro cladding processes for Fe-, Ti-, Ni-, Co-alloys were developed [4] [5] [6] . However, some physical features of Al-alloys complicate the laser cladding downscale process of these materials.
The aim of present work is the investigation on laser micro cladding process of the Al-based alloys to determine the treatment parameters for high precision poreand crack-free coating deposition on the surface of smallsize Al-based alloys parts in order to improve their wear a Corresponding author: gvozdeva go@mail.ru resistance. Main objectives of this study are the investigation of coating and transition layer microstructure produced with variable cladding parameters, the investigation of laser micro cladding parameters influence on surface quality and functional characteristics of the deposited coatings (e.g. hardness, abrasive wear resistance and electrical conductivity).
Experimental procedure
The experiments on the micro cladding were carried out at the Fraunhofer Institute for Material and Beam Technology IWS (Dresden, Germany) using the setup shown in Figure 1 . More details on the experimental setup can be found in Reference [7] .
The setup included a 5-axes CNC-machine, a cwYb:YAG laser TruDISK 1000 (Trumpf, Germany) with 1kW maximum output power and minimal laser spot size 62 μm and the process head COAXpowerline (Fraunhofer IWS, Germany). The shielding and the carrier gas was Ar. The powder of AlSi30 alloy by TLS (TLS-Technik, Article published by EDP Sciences Germany) with a d 50 -diameter [8] of 35 μm was used (see Fig. 2 ). The composition of the powder is, % wt.: 29.5%Si; Al -in balance. The process head ensured a coaxial feeding of the powders with minimal spot size of about 0.8 mm at the workplane.
The coating was deposited by sequential overlapping of single tracks produced by linear movement of the cladding head in the x-or y-direction (in plane). The overlapping ratio of the single tracks was set at the value of 50%. The thickness of the coating was varied by the deposited layers number. Layers were deposited with different z-increment (out of plane). So that the chosen coordinate system is formed by directions of the laser scanning (x-and y-axes), the direction of the coating height -zaxis. Two deposition strategies were used: with 90 degree turning of the scanning direction between the associated layers (crosswise) and without turning (parallel) [9] .
The transverse (y−z and x−z plane) cross-sections of the samples were produced after laser micro cladding was performed. The microstructure was investigated using optical microscope "Leica MEF4M" (Leica, Germany) and scanning electron microscope "VEGA 3 LM" (TES-CAN, Czech Republic). The microhardness was measured by a microhardness tester "HP Mikromat" (Hegewald & Peschke, Germany) under 0.5 N load for a dwell time of 10 s. The microhardness measurements were performed on the transverse cross-sections. The surface characteristics of the coated samples were investigated using a MarSurf XT 20 roughmeter and Keyence VHC-600 microscope.
The abrasive wear coefficients of the coatings were determined by ball-cratering method using a Calowear CSM testing machine (Anton Paar, Switzerland). The schema of the test can be found in Reference [10] . Abrasive slurry (an aqueous suspension of 3 μm SiC with an initial concentration of 0.75 g.cm −3 ) was inserted into the contact between a coated sample and the rotating counter body ball (steel 100Cr6; diameter 25.4 mm). Experimental conditions were: sliding distance L = 2800−3000 m, normal load F N = 0.24 ± 0.01 N. Testing with these conditions results in a spherically shaped wear scar on the sample surface. The depth of this wear scar characterizes the amount of the worn material V is:
The abrasive wear coefficient k is, mm
The depth of the wear scar was determined using a microscope MikroCAD (GFMesstechnik GmbH, Germany). The electrical conductivity of the coating materials was investigated using the Sigmascope SMP10 (Fischer, Germany) instrument.
Results and discussion
During preliminary experiments two sets of laser micro cladding parameters were determined (further -Set 1 and Set 2). These sets are shown in Table 1 .
The represented parameters sets allowed to produce fully dense and free of cracks or pores coatings with the high quality adhesion (see Fig. 3 ).
The represented parameters sets are different by the powder mass flow value -0.6 g.min −1 (set 1) and 0.15 g.min −1 (set 2) -and by produced single track dimensions (width and height). The single track width that effect the minimal coating array size [11] was found 120 μm for the set 1 and 100 μm for the set 2. It is in a good agreement with results obtained in previous studies [12] . The single track dimensions influence on the profile and on the roughness characteristics of the layer produced by single tracks overlapping [13] . It was confirmed by the results of the coating surface investigations conducted using a MarSurf XT 20 roughmeter and a Keyence VHC-600 3D microscope (see Figs. 4 and 5) . To obtain required coating thickness a layer-by-layer deposition technique was used as described in the chapter 2. Due to the different material deposition speed, the vertical z-increment value is different for the set 1 (30 μm) and set 2 (8 μm). The coating thickness was varied from circa 15 μm up to circa 600 μm. It was found that the The influence of layers number on the quality of the coatings surface was investigated. It was found that increase of the layers number leads to an asperities smoothing and to the surface quality improvement. The change of the surface roughness during the layer-by-layer coating deposition is shown in Figures 4 and 5 . It was found, that for set 1 all roughness parameters (Ra, Rz, R max ) were steadily decreasing with the layers number increase. In the case of set 2 the decrease of the Ra and Rz parameters with the layers number increase was detected. But the relation between R max parameter and layers number was not observed. This fact can be explained by the following. The parameters Ra and Rz are integral (or average) characteristics. They describe the surface profile features due to the technological process of layer formation by the single track overlapping. The occurrence of these features is systematic (see Fig. 6 ).
But the R max parameter characterizes the size of the local asperities. These asperities can be systematic (technological) as well as random (e.g. a result of powder drop adhesion on the coating surface). In the case of set 2 the single layer thickness (8 μm) is more than 2 times smaller compared to the single layer thickness for set 1 (30 μm) and it is smaller than powder particle size (35 μm). So R max parameter is determined by the powder drop adhesion and it is not affected by the layers overlapping.
The influence of the deposition strategies (crosswise/parallel) on the quality of deposited coatings was investigated. It was found that the parallel deposition strategy did not ensure an equal surface roughness for different directions (see Tab. 2).
To improve the surface quality the laser glazing procedure was applied. It was shown that the surface roughness of the coated samples can be decreased more than two times using the laser glazing process from Ra 5.9 μm; Rz 29 μm; R max 42 μm down to Ra 2.7 μm; Rz 14 μm; R max 26 μm, respectively (given for set 1). Optical images of the coating surface before and after laser glazing procedure are shown in Figure 7 .
Coating structure. The influence of laser micro cladding parameters on the coating material structure was investigated in the previous paper [14] (a) (b) Fig. 7 . Optical images of the coating surface before and after laser glazing procedure (laser micro cladding parameters set 1).
the powder mass flow decrease from 0.6 g.min −1 (set 1) down to 0.15 g.min −1 (set 2) structure dispersion degree and solubility of the Si in Al-lattice were found to increase, the Si particles volume in the coating structure was found to decrease. Moreover, it was shown that the annealing of the coated samples (set 2) in the air at the temperature 300
• C provided the α-Al supersaturation decrease without Si particles size increasing. The differences of the AlSi30 alloy structures produced using various laser micro cladding parameters are responsible for different material hardness, behavior under mechanical loading and other structure-sensitive functional characteristics. It was found that microhardness of the base material (AlMgSi0,5) was 80 HV 0,05 . The hardness of the coating produced using laser micro cladding of AlSi30 powder on the AlMgSi0,5 sample was: 240 HV 0,05 (set 1); 300 HV 0,05 (set 2); 290 HV 0,05 (set 2 + heat treatment ). Abrasive wear. The abrasive wear behavior of the uncoated and coated samples and the coated samples after subsequent heat treatment was investigated. A significant increase of abrasive wear resistance of the coated samples compared to the uncoated samples was discovered. Moreover, a significant influence of laser micro cladding parameters on the abrasive wear behavior of the coating material was observed. The abrasive wear coefficient of the samples produced using set 2 (k = 1.8 × 10 −3 mm 3 /(N.m)) was 5 times lower compared to set 1. It is significantly lower than the abrasive wear coefficient of the uncoated samples AlMgSi0.5 (k = 34.6 × 10 −3 mm 3 /(N.m)). It was found that the influence of subsequent heat treatment of the coated samples (annealing in the air at the temperature 300
• C, 2 h.) on the abrasive wear coefficient was not significant (k = 1.9 × 10 −3 mm 3 /(N.m)). The worn surface morphologies of the uncoated, coated, coated and heat treated samples are presented in Figure 8 . The deformed zones around the wear scars formed on the surface of the coated, coated and heat treated samples were found. The deformed zones around the wear scars on the uncoated AlMgSi0,5 sample surface was not seen. The deformed zone formation around the wear scars in the paper [15] was associated with a higher degree of the material crack toughness.
Electrical conductivity. The electrical conductivity of the uncoated, coated, coated and heat treated samples was investigated. It was shown that the electrical conductivity of the samples decreased by the AlSi30 coating deposition from 32.1 ± 0.4 MS/m (for the uncoated sample AlMgSi0,5) down to 11.1 ± 0.1 MS/m (set 1) and down to 12.3 ± 0.4 MS/m (set 2). It was found that the subsequent heat treatment of the coated samples (set 2) -annealing in the air at the temperature 300
• C, 2 h. -leads to the electrical conductivity increase from 12.3 ± 0.4 MS/m up to 15.2 ± 0.4 MS/m. The described electrical conductivity dependencies are in good agreement with the results of the coating structure investigations [14] . The electrical conductivity increase can be explained by: (a) decrease of Si particles volume in the coating structure associated with the powder mass flow decrease from 0.6 g.min −1 (set 1) down to 0.5 g.min −1 (set 2); (b) the α-Al supersaturation decrease as result of annealing of the coated sample.
Conclusions
The possibility of the wear resistance improvement of Al-based small-size parts by the precise surface layers deposition using laser micro cladding technology was demonstrated.
It was found that full dense crack-free AlSi30 surface layers with variable thickness in the range 15-600 μm on the AlMgSi0,5 sample can be produced using laser micro cladding. The influence of laser micro cladding parameters on the surface quality was investigated. It was revealed that powder mass flow decrease in the range 0.6-0.15 g.min −1 (from set 1 to set 2, respectively) leads to surface roughness decrease more than two times (down to Ra 1.2 μm).
It was shown that surface roughness during multilayer deposition decreased. Herewith for the laser micro cladding parameters set 1 all roughness parameters (Ra, Rz, R max ) were found to be decreased with the layers number increase. For the set 2 Ra and Rz parameters were found to be decreased with the layers number increase. This relation for the parameter R max was not detected. The possibility of the surface quality improvement of the laser micro cladded AlSi30 coating using laser glazing procedure was demonstrated.
It was shown that AlSi30 coating deposition on the AlMgSi0,5 sample provided the microhardness increase from 80 HV 0,05 (base material) up to 300 HV 0,05 (AlSi30 coating, set 2). It was followed by the abrasive wear coefficient decrease from 34.6 × 10 −3 mm 3 /(N.m) down to 1.8 × 10 −3 mm 3 /(N.m). It was shown that hardness of the coating material (AlSi30) can be varied in the range 240-300 HV 0,05 depending on cladding and subsequent heat treatment parameters. The relation between abrasive wear behavior of the coating material and laser micro cladding parameters was found. It was shown that the powder mass flow decrease from 0.6 g.min −1 (set 1) down to 0.15 g.min
(set 2) was followed by hardness increase and by the decrease of abrasive wear coefficient. It was found that the electrical conductivity of the uncoated AlMgSi0,5 sample (32.1 ± 0.4 MS/m) can be decreased down to 11.1 ± 0.1 MS/m by AlSi30 coating deposition using laser micro cladding technology. The electrical conductivity of coating material (AlSi30) can be varied in the range 11.1-15.2 MS/m depending on cladding and heat treatment parameters. The relation between electrical conductivity and coating structure was demonstrated.
